I. INTRODUCTION WER-COMBINING schemes involving solid-state
cently been employed to develop high-power microwave oscillators and amplifiers with directive beams [1]- [3] . These grid components lead the way to high-power solidstate millimeter-wave sources. However, oscillators and amplifiers are only two of many electronic components that are amenable to packaging in the grid configuration. A grid loaded with diodes produces a nonlinear device suitable for mixing or detecting quasi-optical signals with improved dynamic range compared to conventional single-diode mixers. This is particularly important for superconducting tunnel-junction (SIS) receivers where dynamic range is limited. Millimeter-wave high dynamic range front-ends are also the subject of a U.S. Navy initiative addressing current needs in its microwave electronics operational capability [4] . It should be possible to manufacture the grid mixer presented here as a planar monolithic circuit allowing a large number of diodes to be combined on a single wafer. This approach should give significant improvements in power-handling and dynamic range for mixers operating at millimeter-wave frequencies and above. The planar grid mixer is shown in Fig. 1 . The devices are Hewlett-Packard low-barrier Schottky beam-lead diodes (HSCH-5332), suitable for mixers and detectors operating through the Ku-band. The diodes are placed in a bow-tie shaped unit cell. The grid is fabricated on a 3.2 0018-9480/92$03.00 0 1992 IEEE mm thick Duroid substrate with er = 10.5. The grid is 30 mm wide and the grid period is 3 mm. There is a flat metal mirror behind the grid to act as a reactive tuning element (Fig. 2) . The grid mixer reflection coefficient was optimized for incident signals near 10 GHz by adjusting the dimensions of the unit cell bow-tie pattern and the substrate thickness. Diodes in each column are connected in series. The IF voltages add along each column and are collected at the diode terminals forming the top and bottom edges of the grid. A dc bias is also applied at the grid edges. The symmetry of the grid cancels any RF currents along the horizontal rows.
EQUIVALENT CIRCUIT
In an infinite grid with a uniform plane wave normally incident upon the grid surface, symmetry allows us to represent the grid as an equivalent waveguide unit cell. This waveguide has magnetic walls on the sides and electric walls on the top and bottom, as shown in Fig. 3 . The walls extend in the +z and -z directions, with the diodes in the z = 0 plane. In effect, this reduces the problem of analyzing the grid to that of analyzing an equivalent waveguide with electric and magnetic walls. The impedance presented to the terminals of a diode in the grid can be found by following a procedure similar to the EMF analysis in the paper by Eisenhart and Kahn [5] . This approach is justified by the fact that the grid period is only A/ 10. The calculations are described in detail by Weikle [6] , and it is unnecessary to repeat them here. As a check on the EMF analysis, the grid was also modelled using the Hewlett-Packard High-Frequency Structure Simulator [7] . The HFSS is a three-dimensional full-wave electromagnetic solver that can be used to find the fields and S-parameters of an abritrary three-dimensional structure. The HFSS solution was in good agreement with the EMF analysis. The advantage of using the structure simulator over the EMF method is its ability to analyze arbitrary grid shapes that are too complicated for the EMF method.
For design purposes, we would like to find the reflection coefficient of an infinite grid for a plane wave at normal incidence on the front surface of the grid. The equivalent circuit for the grid mixer is shown in Fig. 4 . The grid can be modeled as a three-port network. Ports 1 and 2 are respectively the front and back of the grid, and the third port is located between the two bow-ties, where the diode is mounted. The incident LO and RF TEM mode signals are modelled as a 377 ! J source connected to port 1. The mirror placed behind the grid terminates port 2 in a short-circuited stub, and port 3 is terminated by the Schottky mixer diode. The entire grid is in this way reduced to a one-port equivalent circuit. A transmission line represents the propagating TEM mode as it passes through the substrate which supports the grid. The bow-tie grid is modeled as a short section of transmission line with characteristic impedance Z,, and electrical length OB,. Values for Z,, and are obtained directly from the EMF analysis, or by parameter fitting to the HFSS simulation. The diode is added to the model by using the manufacturer's equivalent circuit. Simulation of the grid is carried out by calculating the reflection coefficient the grid presents to the RF and LO source connected to port 1. The design was optimized by matching the grid to free space at the design frequency of 10 GHz.
The grid reflection coeffient was measured using a three-term error corrected quasi-optical reflectometer. The reflectometer consisted of a broadband horn placed inside an anechoic chamber and connected to an HP 8510 network analyzer. The grid was positioned approximately 0.5 m from the face of the horn during the measurement. The reflectometer was calibrated using three known standards, a short, a delayed short, and a matched load, in place of the grid. A mirror was used as the short, and a piece of absorber served as the matched load.
A measurement of the grid reflection coefficient using the quasi-optical reflectometer was found to be in reasonable agreement with theory as shown in Fig. 5(a) . 
CONVERSION Loss AND NOISE FIGURE
For a square grid, the conversion loss of the grid mixer will be the same as a single-diode mixer in an equivalent embedding impedance. For the purpose of comparison, a single-diode microstrip mixer was designed and built with a diode of the same type used in the grid (Fig. 6) . This allows us to compare the performance of the grid to that of an equivalent single-diode mixer. The microstrip mixer employs transmission line matching circuits for the RF/ LO and IF sections of the mixer [8]. The RF and LO signals were combined externally using a hybrid coupler to simplify the design. A dc bias was applied to the mixer diode through a bias-tee connected to the IF port.
The conversion loss of the grid mixer was defined as the power of the IF signal at the IF port divided by the total RF power incident upon the grid surface. For the conversion loss and noise figure measurements, the RF and LO signals were combined and fed to a single broadband horn. In order to accurately compute the incident RF and LO power densities at the grid surface, a calibration was made by removing the grid and placing an identical receive horn at twice the distance from the transmit horn. A measurement of the total system path-loss between the two horns with a network analyzer determined the horn gain and free space path-loss allowing an accurate computation of the power density at the grid surface. The power incident upon the grid was then defined as the product of the power density at the grid surface and the area of the grid. Thus, the grid conversion loss and noise figure measurements will also include any mismatch loss between the grid mixer and free space. Fig. 7(a) shows the measured conversion loss of the grid mixer as a function of local oscillator power per diode for a combined 10.225 GHz LO signal and a 10.439 GHz RF signal normally incident upon the grid. Fig. 7(a) also shows the measured conversion loss of the equivalent single-diode microstrip mixer. The results verify that the grid mixer conversion loss is nearly equal to the single-diode mixer. The difference can be attributed to the slightly unequal impedances presented to the diodes for the two mixer designs. A grid conversion loss of 7.9 dB was measured for a local oscillator power of -4 dBm per diode.
The frequency response of the grid conversion loss is shown in Fig. 7 (b) for a local oscillator power of -20 dBm per diode. Again, the performance of the equivalent single-diode mixer is included for comparison. The grid is band-limited by the reactive mirror tuning element. A more sophisticated design could exploit the broadband nature of the bow-tie grid by eliminating the mirror from the system. This would permit very broad bandwidths to be achieved.
The noise power of a square grid mixer is the same as the noise power of a single-diode mixer because the individual noise powers from each diode are uncorrelated. Consequently, the noise figure of the grid mixer will be the same as an equivalent single-diode mixer. In order to measure the noise figure of the grid, a Hewlett-Packard 8970 Noise Figure Meter was modified to allow quasioptical noise figure measurements (Fig. 8) . The noise figure calibration was identical to that used for the grid mixer conversion loss measurement. The grid was placed in an anechoic chamber to shield the measurement system from external disturbances. Fig. 9 shows the measured noise figure of the grid for a local oscillator power of -20 dBm per diode. Again, the performance of the equivalent single-diode mixer is included for comparison. The results verify that the grid mixer noise figure and the single-diode mixer noise figure are nearly equal. The difference in noise figure can again be attributed to the slightly unequal impedances presented to the diodes for the two mixer designs.
RF Matching Network
Hewlett (-) and equivalent singlediode mixer noise figure (---) as a function of frequency for a local oscillator power of -20 dBm per diode. The noise figure of the grid mixer is comparable to that of a single-diode mixer. Excess noise from the TWT amplifier prevented swept frequency noise figure measurements for LO powers above -20 dBm per diode.
IV. POWER HANDLING AND DYNAMIC RANGE
An important property of the grid mixer is its ability to increase dynamic range without compromising sensitivity. Since the RF power is spread among all the devices, the saturation power of the grid is increased by a factor of the number of devices. However, the noise figure of the grid remains equal to that of a single-diode mixer. Consequently, the dynamic range is increased by a factor of the number of devices in the grid as well. Of course, the tradeoff is that the required local oscillator power is also raised by the same amount. Unlike conventional mixers, though, the power handling of the grid can be increased without bound by increasing the number of diodes in the grid. At the same time, the conversion loss and noise figure of the grid can be independently optimized by adjusting the local oscillator power per diode. This decoupling of sensitivity and power handling makes the grid mixer particularly attractive for SIS mixer designs where power handling of the nonlinear element is fundamentally limited.
In order to measure the improvement in power handling of the grid, the linearity of the grid mixer was measured and compared to the single-diode mixer. The linearity of the mixer was characterized by computing the third-order intercept point of the mixer for two equal-power RF input tones separated by 10 MHz. For the same local oscillator power per diode, the grid mixer third-order intercept point should be 100 times larger than that of the single-diode mixer, a factor equal to the number of diodes in the grid. Fig. 10(a) shows the measured third-order intercept point for both the grid mixer and the single-diode mixer. Fig.  1 O(b) shows the difference in third-order intercept point for the two mixers. Improvements of 16.3 to 19.8 dB were measured over a 30 dB range of local oscillator powers. This compares favorably with the expected improvement of 20 dB predicted from theory for a 100-element grid. (-) and equivalent single-diode mixer third-order intercept point (---) as a function of local oscillator power per diode. Two RF tones at 10.434 GHz and 10.444 GHz were used to measure the intermodulation products. (b) Measured improvement in third-order intercept point for the grid mixer over the single-diode mixer (-) as a function of local oscillator power per diode. Theory (---) predicts a 20 dB improvement for a 100-element grid.
V. CONCLUSION
In this paper we have presented a planar grid of 100 Schottky diodes suitable for use as a quasi-optically coupled mixer. We have developed a simple transmission line model for predicting the reflection coefficient of the grid to a normally incident plane wave. We have experimentally verified that the conversion loss and noise figure of the grid mixer are comparable to a conventional singlediode mixer. We have also verified that the power handling, and hence dynamic range, of the grid mixer increases in proportion to the number of diodes in the grid. It should be possible to make a monolithic grid mixer for operation at millimeter-wave frequencies. The mixer grid is attractive for millimeter-wave applications because of its low-loss quasi-optical coupling, and because its dynamic range can be increased by a factor of the number of devices in the grid. This is important for SIS receivers where dynamic range is fundamentally limited. In 1980 he joined the faculty at the California Institute of Technology, Pasadena, CA, where he is now Professor of Electrical Engineering. His research is in developing millimeter and submillimeter-wave monolithic integrated circuits and applications, and in software for computer-aided design and measurement.
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